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INTRODUCTION

The research performed under this program has focused on studying cptical pro-
perties of non-spherical particles in the laboratory. It required the development
of techniques for routinely generating and collecting artificial aerosols of known
chemical composition, for performing light scattering measurements, and for inter-
preting light scattering data. Progress on each techniuqe has been achieved and we
will discuss the main results for each of these three basic activities separately.
Along with the results, we shall also discuss our conclusions and recommendations

for future research.

l. Generation and Collection of Optical Aerosols

1.1 Experimental Techniques

.

We used two different kinds of generators for our studies - one for monodisperse
aerosols and one for polydisperse aerosols:

a) The monodisperse aerosol generator was a TSI Model 3050, a commercially avail-
able instrument that operates with an ultrasonic vibrator that breaks a liquid jet
into equal-volume droplets. The liquid in the jet is a solution of known chemicals
and, after the droplets dry out in a flow of clean air, they leave residual particles
with characteristic shapes. Some examples of the types of particles obtained with this
device are shown in Appendix 1.

b) The polydisperse aerosol generator was assembled in our laboratory as a repro-

duction of one of the aerosol generators used during the First Workshop on Light

Absorbing Particles, Fort Collins, Colorado, in 1980 (Gerber and Hindman, 1982).

Compressed air flows through each of three bottles in series. Each bottle is par-
tially filled with the solution used to form the particles. Air passing through the

first bottle becomes saturated with respect to the chemical solution being used to
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generate the particles. If saturated air from the first bottle is bubbled through
the liquid in the second bottle, the concentration of that liquid will not change
since evaporation losses will be minimized. The bubbles in bottle #2 break and
cause droplets to be injected into the air. A jet of air with suspended droplets
from the second bottle is directed toward the surface of the liquid in the third
bottle so that the largest of the droplets will be removed by impaction. The smal-
ler droplets proceed through the system, they c¢vaporate in dry air, and the droplet
residue then forms a polydisperse aerosol. This system was simple to assemble,
operated steadily for long periods of time, and generated reproducible aerosol size
distributions from one experiment to another.

For aerosol collection we used nuclepore filters made of polycarbonate membrane
with hole diameters of 0.4 um. Circular filters with diameters of 25 mm were used
for short sampling times of the order of 10 min, and filters with diameters of 47 mm
were used for long sampling times of the order of a few hours. 1In both cases we used
plastic tilter holders and a sampling differential pressure of 25 cm Hg. The shorter
aerosol sampling times were used for the filters to be analyzed with the scanning
electron microscope; in that case the aerosol flow was sampled through a l-mm hole
in the cap of the filter holder. The long filtration times were used for determin-
ation of the mass by weight; for those cases, no caps were used during the filtra-

tion process.

1.2 Results

A monodisperse aerosol generator (TSI Model 3050) was used for generating the
non-spherical, non-homogeneous aerosol particles during our light scattering study.
The vibrating orifice generator is capable of producing a continuous flow of prac-

tically monodisperse droplets of known chemical solutions. In our experimental




apparatus the droplets were rapidly evaporated in a relatively strong flow of fil-

tered dry air (v 6 m?/hour) and samples of the remaining dry residue were collected
on nuclepore filters after passing through a l-m length of 46-mm diameter metallic

tubing which served as an aerosol flow tube for the Georgia Tech laser polar nephe-
lometer (Grams et al., 1975). Figure ! shows schematically the experimental set-up
along with some additional technical information.

Analyses of the filters with a scanning electron microscope (SEM) enabled us
to determine morphological characteristics of the particles such as the particle
shape and size as well as the roughness and degree of irregularity of the surfaces.
It also allowed us to establish the amount of uniformity amongst the monodisperse
particles. Examples of the variety of particle characteristics obtained with our
acrosvl generation system are shown in Appendix I.

All the chemical compounds used in our study were dissolved in a 50-50 solution

of cthancl and water and loaded in a 50 cm?

disposable plastic syringe. With the
20-um diameter generator orifice and the gear ratio specified by the instruction
manual of the aerosol generator, it proved to be straightforward to obtain contin-
uous aerosol flows for time periods lasting from approximately two hours to a maxi-
mum of about six hours. No modifications were performed on the instrument, and the
instrument was operated in accordance with the procedures outlined in the manufac-
turer's instruction manual.

The range of concentrations of the various compounds in the 50-50 ethanol-
witter solutions was between 6.6 x JO—G to 6.3 x 107° (by volume) corresponding to
particle sizes that were approximately between 1 and 6 um (with the 20-um generator
orifice). While using a given compound, it was fairly easy to produce particles
with a shape similar to those wanted; however, it proved to be difficult with our

standard set-up to reproduce particles of the same size (within the uncertainties

of the SEM) in different experiments. The compounds tested, and examples of the
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the Berglund-Liu generator, the Georgia Tech polar nephelometer and the
system for Nuclepore filter aerosol sampling.




particles obtained in our laboratory are listed on the following pages along with

other supplementary information. In addition to the material presented in the manu-

facturer's instruction manuals, additional examples and details on the vibrating

orifice generator may be found in a variety of articles such as Berg.und and Liu
///’,/ (1973), Pinnick et al. (1976), and Liu (1975).

It should be noted that our monodisperse particle generator was operated with-
out the use of an option offered by the manufacturer, namely, a radiation source to
prevent electrostatically charged particles. We regarded this attachment as an
item that would be important for preventing the loss of aerosol particles to the
walls of small diameter aerosol flow systems. Such losses are expected to increase
with particle size and, for the range of particle sizes in our experiments, these
losses were expected to be negligible. While our data supports such assumptions,
we did encounter one effect that might have been eliminated by the use of the radia-
tion source. In some of our filter samples, the SEM photographs showed particles
that appeared te stick to each other as in Figure 4b of Appendix 1. We believe
that the fragile structures indicated in such photographs are formed by electro-
static attraction between individual particles on the filter surface (rather than
in the air). For future work, we would recommend that the radiation source be used
to prevent such effects and to provide better documentation on the mc~phology of the
artificially generated particles.

The examples shown in Appendix I demonstrate that fairly good results can be
obtained with the Berglund-Liu generator by simply following the instruction manual
and without special instrumentation training. Our results to date indicate the
most interesting particle shapes that we can generate are those that were obtained
from mixtures of different compounds of known refractive indices as in Figure 6 of
Appendix I. We hope in the near future to be able to extend these experiments with

the aerosol generator to develop procedures for obtaining reproducible results for
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a variety of unusual particle shapes.

On one hand, the development of ad hoc lahoratory techniques is necessary for
one to generate these unusual shapes. On the other hand, these particles are rep-
presentative of the kind of particles actually occuring in nature and the shapes
are of interest in many atmospheric applications. 1In fact, the particles that we
generated by mixing 75% ammonium sulfate and 297 nigrosine dye in a 50-50 ethanol-
water solution with a concentration of 6.6 X107 by volume were similar to those mea-
sured by the NASA Langley Research Center with a quartz crystal microbalance in the
stratosphere after the eruprion of El Chichon volcano (Personal communication, David
Woods, NASA/LaRC, 1982).

With regard to our '"home made" system for generating a polydisperse aerosel,

a "typical" size distribution obtained with the svstem is shown in Figure 2 for

the case of a solution of sodium chloride. These measurcments were obtained with

a Knollenberg counter (PMS Model LAS-X). The aerosol polvdispersions generated
with this system did not appear to be electrostatically charged; the size distribu-
tion in these cases seemed to depend mostly on the surface tension of the solution and
on the air pressure used for the bubbler durin: the cxperiments.

The main population of the particles from the polydisperse generator was usual-
v in the size range around 0.1 micrometer radius. With water solutions at differ-
ent concentrations, it was easy to change the nmean size of the main populution of
the particles by a factor of two from this typical value. The generation of larger
particle sizes could be achieved by replacing the capillary glass tubing in the
second bottle with a porous glass pipette and drying the aerosol immediately after
the particles left the second bottle. We ran only a few tests with the source in
this configuration, and we did not measure its stability with time.

As the general conclusions of this section, we can make the following state-

ments:
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Figure 2. Typical size distribution for sodium chloride particles
from the polydisperse aerosol generator.
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- The Berglund Liu vibrating orifice generator proved to be a stable and
dependable monodisperse aerosol source. The use of an orifice diameter of
20 um permitted long and stable operation for particles in the sizc range
between 0.5 um and 2 um radius with flow rates of the order of 10 particles/
cem®/s. The radiative source for neutralizing the particles is necessary
only if there are specific reasons for sampling the aerosol with smaller
diameter plastic tubing at low flow rates or for generating particle sizes
larger than a few microns.

~ Particle collection on filters for analvzing the particles at the SEM is
straightforward and can be done with characteristic times of the order of
10 minutes. No particular care is needed unless it is necessary to avoid
particle aggregation due to electrostatic charge or particle breaking due
to the fragile nature of the particles (see Fiy. 4b, Appendix 1).

- Stable aerosol polydispersions in the submicron size range could be genera-
ted by bubbling air through solutions in the way that was described above;
the stability of such sources is good and fairly well reproducible. The
particle concentration depends mainly on the amount of diluting air used i
for drving the particles. If simple rubber stoppers are used on the bottles i
to maintain air pressure, typical maximum pressures are of the order of

14 x 10° Pa.

2. Light Scattering Measurements

2.1 Experimental Techniques and Results

A systematic description of the experimental apparatus and of the results are
described in the attached Appendix II. Most o' the data had been taken using a

HeNe laser as a light source at 6328 A for a polar ncephelometer measuring scatter-
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ing angles between 10 and 170° in two orthogonal planes of polarization of the inci-
dent light. An informal collection of most of the 90 measurements made during the
course of our study is available upon request; the typical relative error on single
data points was less than 10%. Other available light sources such as the dye laser.

were not stable enough to perform dependable measurements.

2.2 Conclusions

From the viewpoint of the optical measurements, many interesting conclusions
can be drawn. The polar nephelometer properly performed measurements of light
scattering on the set of particles; we did not have any indication that the parti-
cles were not randomly oriented. This factor allowed us to rapidly measure the
light scattering characteristics of particles without having to perform averaging
on different orientations.

The only systematic uncertainty on the data set has been introduced by the
percentage (typically less than 107) of particles with double volume, generated
along with the main population of monodisperse particles. Generally speaking, we
noted that the following properties of monodisperse particles can be observed
directly on the raw data prior to any specific data analysis; if the particles have
a quasi-spherical symmetry with various irregular features appearing on their sur-
faces, it is possible to evaluate the size parameter x of the particles (x = 2nr/},
where r is the radius and : the wavelength of the illuminating beam) from the value
of the angle ; where the first observable diffraction minimum occurs in the scat-
tering curve in coincidence with the first zero of the Bessel function of the first

kind. This can be compared using the formula:

x = 3.83/sin6;
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or, with less precision, from the angle U, corresponding to the second minimum of

the diffraction curve using the formula:

x = 7/sinfo .

These results are almost independent of the shiape and size of the particles. It is

also possible to qualitatively estimate when a particle is light absorbing from the
difference existing in the scattering intensities arcund 60° for two orthogonal
planes of the polarized incident light; in fact, high values of polarization along
this scattering direction can usually be associated with a high fraction of light
absorbed inside the particles. While generally true, this rule cannot be applied

to metallic particles or for particles with sire parameters less than about 5.

3. Analysis of Light Scattering Data

3.1 Summary of Numerical Procedures

The final results of each experiment, aftcr reducing the data for the gaseous
scattering and instrumental response and averaying the various angular scans, con-
sisted of graphs of the average measured intensities plotted versus angle in the
interval 10-170° for each plane of polarization of the laser beam illuminating the
flow of particles. We concentrated our attention on studying the characteristics

of the normalized phase functions, P,(¢) and P.(6), as defined by Diermendjian

(1969), because these functions are independent of the number of particles per unit
time crossing the laser beam or of any absclute calibration of the instrument. In
fact, we measured particles for the interval of size parameters from x = 5 up to

the value of x = 30, where the scattering cross section of the absorbing particle

s = »:A—.——..—”&_ PO e J
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is ¢lose to the value predicted by geometric optics. The asymmetry parameter,
2 »

1
o = éJ PG P
-1

where

cosf ,

can be computed from the normalized data. For nonabsorbing particles, g is appro-

ximately related to the scattering efficiency factor by the relation:

Q. (1 - 8) = constant

for size parameters larger than 10. In both cases, it is possible to recover some
of the information on scattering and extinction coefficients that have been lost in
the normalization procedure.

Previous comparisons between the Mie theory and measurements taken with micro-
wave and light scattering techniques gave apparently opposite results (Zerull, 1976;
Pinnick et al., 1976). Therefore, it was rather important to choose a data analysis
procedure that would lead to results as independent as possible from the specific
experimental procedure. The numerical techniques used to normalize the data, to
estimate the size parameter and to compute the asymmetry parameters, have been
described in detail in Appendix II and will not be repeated here.

on all the data sets,we ran

- intercomparisons with the Mie theory for spherical particles;

- inversion procedures based on the Mie theory (Baker and Coletti, 1982)

- a modified version of the Pollack and Cuzzi (1980) theory;




SV,

- a least-squares inversion for determining the percentage of

diffracted, reflected and refracted light from the scattering particles.

3.2 Conclusions

Non-light absorbing particles had measured phase functions that were almost
featureless with only a few oscillations in the forward scattering and the backward
scattering directions. Interestingly, the intercomparisons with the Mie theory for
spherical particles showed that, in the cases where it was possible, the phase func-
tion best fitting the forward scattering did not fit as well in the backward scat-
tering and vice versa. Somewhat analogous conclusions had been reached by Pinnick
et al. (1976) who interpreted their data in terms of Mie spheres with concentric
voids.,

Our inversion program based on the Mie theoryv did not give definitive numeri-
cal results,and any expectations about representing measured light scattering with

a set of "equivalent spheres"

should not be encouraged at this point. For the non-
spherical particles, we were not able to find any systematic relationships between
the sizes of the particles measured and the retrieved sizes. The retrievals, in
fact, appeared to be more dependent on our choice of size bins and error smoothing
methods than on any of the obvious physical parameters for describing the irregular
particles.

We did not have a great deal of success in applving the Pollack and Cuzzi
(1980) theory for aerosol particle polydispersions to ocur monodisperse systems.
This theory is, crudely speaking, based on describing the scattering pahse functions
with the Mie theory for smaller particle sizes and letting the rest of the scatter-
ing contributions be represented by a combination of diffraction, reflection and

transmission properties of the larger particles. In practice, the Mie curves that

represented the best compromise for fitting the oscillations observed in the experi-
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mental data in the forward and backward directions was such as to dramatically de-
crease the diffraction contributions by forcing the coefficients of reflected and
refracted components toward unreasonable values compared with diffraction. On the
other hand, if the Mie contributions were decreased, the resulting fits were unac-
ceptable, because the reflected and refracted component were represented by func-
tions that are somewhat similar to each other and could nct be uniquely distinguished.
A procedure of fitting the main forward scattering peak to diffraction patterns was,
some of the time, in disagreement with the secondary peaks. Therefore, the forward
scattering could not be properly represented by simple linear combinations of dif-
fraction, transmission and reflection. Consequently, we devised our own non-linear
procedure, as Jdescribed in Appendix 1I, for the representation of the aerosol

scattering patterns.
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APPENDIX T.

on-Spherical Aerosol Particles Obtained With The

Yiprating Orifice Generator
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Sodium Chloride

Sodium chloride (complex refractive index = 1.54) crystallizes in spherical
shells made of right parallelepipeds as shown in Fiqure 2a. At low values of
concentration this quasi-regular structure seldom occurs and structures like
those shown in Figure 2b (left) are more likely to occur.

Table I shows the numerical volumetric concentrations obtained in our labor-
atory, the actual minimum and maximum sizes determined by analyses of SEM photo-

graphs, and brief comments on the particle shape at each concentration.

Table 1
Sodium Chloride

m=1.54 0 x=.633 um; o =2.165g a3

Expected Cbserved
Concentration Equivalent Sizes Comments
Diameter (um)
(um) Hm
6.6 x 107° . 0.78 1.3 - 1.5 Like in Fig. 1b
6.9 x 107° 0.8 1.0 - 2.1 Cubes
5.3 x 107° 1.6 1.6 - 2.3 Fig. b
8.3 x 107° 1.8 2.1 - 2.6 Like in Fig. 1a
4.2 x 107° 3.1 4.4 - 4.8 Like in Fig. la
6.7 x 107° 3.7 4.7 - 4.9 Fig. 1a
6.3 x 1073 7.7 5.2 - 5.9 Like in Fig. 1a
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Ammonium Sulfate

Ammonium sulfate (complex refractive index = 1.55) crystallizes in non-
spherical particles formed by single or agglomerated round-edged crystals
(Figure 3 and relative data in Table II). We have found indications from our
optical measurements that this particle might be hollow. This fact has not

been confirmed by other authors' observations.

Table II

Ammonium Sulfate

m=1.550 A= .633 un; o= 1.769 g cm™>
Expected Cbserved
Concentration Equivalent Sizes Comments
Diameter
(y:m) (m)

5.3 x 107° 1.6 1.9 - 2.3 Fig. 2a
8.3 x 107° 1.8 2.2 - 2.4 Like in Fig. 2a
4.2 x 1074 34 3.5 - 4.0 Fig. 2b
6.7 x 1072 3.7 3.2 - 4.0 Like in Fig. 2a
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Potassium Chlorate

Potassium chlorate (complex refractive index = 1.48) crystallizes in
spheres marked with wrinkles of variable shave and depth that give a character-
istic aspect (Figure 4a). We have found some indications of the presence of
internal marked dishomogeneities. This interpretation is supported by observa-
tions of the manner in which the fragile particles broke on impacting the filter

{Figure 4b). Discussions by other authors also tend to confirm this interpre-

tation.
Table 111
Potassium Chlorate
n=1.682 0% = .633 mi:. = 2.32 g cu >
Expected (bserved
Concentration Equivalent Sizes Comments
Diameter (1)
(um) e
6.66 x 107° " 0.78 1.1 - 1.3 Like in Fig. le
5.3 x 107° 1.6 2.2 - 2.3 Fig. 3a
6.7 x 1077 3.7 4.2 - 4.5 Fig. 3b
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Methylene Blue

The complex refractive index of Methylene Blue is not well known. Patter-
son et al. (1981), recommended 1.67 - 0.2i on the basis of diffuse transmission
measurements. For our data analysis, we used 1.67 - 0.61 on the basis of com-
parisons between the measured phase functions and those calculated from Mie
theory for spherical particles.

W4ith this compound, it often proved to be difficult to start the liguid jet
of the aerosol generator. We associate this with an increased value of surface
tension of the liquid that tends to markedly decrease the flow through the liquid
filter of the syringe. The addition to the solution of a little more ethanol was
usually enough to solve the problem. This procedure, however, caused some uncer-
tainty in the recorded values of concentration and our expected equivalent par-

ticle sizes are less reliable for this compound as compared with our other exper-

irent.
Table 1V
Methylene Blue
=167 - 1075 @ x = 633 ums o= 1.47 g on
Expected Cbserved
Concentration Equivalent Sizes Comments
Diameter
(1m) (1)
1.01 « 1072 0.93 .99 - 1.14 Like in Fig. 4a
5.5 x 107° 1.6 1.0 - 1.2 Like in Fig. 4a
3.3 <1070 1.8 1.6 - 2.2 Fig. 4b
6.7 « 107" 3.7 2.0 - 3.6 Fig. da '




METHYLENE BLUE PARTICLES

— 2um 1 (a) b 40um ~

L |
— 10um { {b) I 40um {
e e Motayione hive droplete Gryoout Teaving irreaular Guasi-sonerical
ades, Loosbia wavelenaths their sariaces can hardly ce ADProN-
ed 1s o eath a0 LT The exatdie on the riont in L5 gemon-
YEYT oL INat wtnyiene Dige narticles have 1 tendency to acalaorerate

motne 1oy,




Nigrosine Dye

Nigrosine dye particles had characteristics very similar to those of Methy-
Tene Blue in the way they crystallize (Figure 6, left side). Pinnick has sug-
gested a value of 1.67 - .026i (* 5%) on the basis of diffuse reflectance mea-
surements. QOur best-fit refractive index values, based on phase function com-
parisons with Mie theory were 1.67 - 0.61.

As an operational procedure, it is recommended that the solutions be pre-
filtered before loading them in the aerosol generator. Some ethanol can be
added either to replace the solvent that evaporated during the filtering process
or if, as in the case of Methylere Blue, the surface tension of the solution
does not allow sufficient flow through the system.

Before and after experiments with Nigrosine dye, we found it very nelpful
to wash the aerosol generator with methanol instead of isopropyl alcohol. Iso-
propyl alcohol, recommended in the manual of the generator as a general purpose
solvent, is not a good solvent for Nigrosine dye. Therefore, either ethanol or

nethanol or water was found to be preferable.




Table V

Nigrosine Dye

m=1.62 - 1{8'26 e50s P = 1,67 g cm”

Expected Observed
Concentration Equivalent Sizes Comments
Diameter
(um) {ym)

6.6 x 107° 0.78 1.0 -1.2 Like Fig. 5a
1.04 x 1072 0.93 0.9 - 1.1 Like Fig. 5a
5.3 x 107> 1.6 1.8 - 2.4 Fig. 5a
8.3 x 107° 1.8 2.3 Like Fig. 5a
4.2 x 1074 3.1 2.7 - 4 Like Fig. 5b
6.7 x 10°° 3.7 3.4 -5 Fig. 5b
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Mixed Solutions of Ammonium Sulfate and Nigrosine Dye

In terms of the generation of non-spherical crystals, mixed solutions of
these two compounds can give very interesting results. Fiqure 7(a) shows the
particles obtained for solutions with 755 ammonium sulfate and 25 nigrosine dye.
Figure 7(b) shows the particles obtained for solutions with 25% ammonium sulfate
and 75°, nigrosine dye. Solutions made with equal parts of each salt had inter-
mediate characteristics. We consider this shape of particle typical for the

| mixtures because they reproduce fairly well, as shown in Table VI. No informa-

tion 1s available at present for representative effective values of refractive
index for these solutiogns.
Table VI
Mixed Solutions of Ammonium Sulfate and Nigrosine Dye
Expected Observed
Concentratian Equivalent Sizes Comments
Diameter (:m)
() I
6.6 x 10°° 0.78 1.0 - 3.0 Like Fig. 6a 757 Ammonium Sulfate
. and
5.3 x 107° 1.6 1.0 - 2.7 Like Fig. 6a  25. Nigrosine dye
6.2 x 1077 3.1 2.7 - 4.0 Like Fig. 6a
6.6 x 10'6 0.78 0.8 - 1.1 Irreq. Like 507, Ammonium Sulfate
Fig 6b and
-5 50°. Nigrosine dye
5.3 x 10 1.6 1.5 - 2.5 Like Tiq. 6b
6.2 x 1077 3.1 4.0 - 6.3 Dried Fruits
Fia. 6b
6.6 « 10'6 0.73 1.0 - 1.4 Fiaqure ob 25 Ammonium Sulfate
and
5.3 « 1072 1.6 1.0 - 2.9 Fiqure 6b 75 Nigrosine dye
6.2 « 107" 3.1 4.5 - 5.6  Fiqure 6b
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Tight Scattering by Non-3pherical Particles: A Laboratory Study
A. Coletti

trorgia Institute of Technology - School of Geophysical Sciences
Atlanta, Georgia 30332

ABSTRACT

The concers of dlviding the light scattering by non-spherical particles intc
three components - diffracted, refracted and reflected - is discussed here in
He case of monodisperse acrosol particles using a set of measured phase func-
tions. A loglcal scheme is developed that allows a simple representation of
the light scattering properties of classes of non-spherical particles in a
rogion where gemetric optics is not expected to be valid. In the limits of
this nalysis, Lt appears that the equations developed can be applied to lar-

gor varieties of problems where there is a need to infer the optical proper-

tics ot nen-spherical particles.

Lo INTROUCTICN
The rroperties of light scattercl by suspended dust particles is of in-
terest in lirterent fields. In some cases, light sources of known character-
1st1cs are used to obtaln infornation on the physical and chamical nature of
acrosols; wm others, suspended lust masks the properties of partially known

it sources.  For example, various models of dust particles are hypothesized

I intrared astronomy in order to explain the high amissivity of certain Nebulae




(.., Rowan-Robinson') and interplanctary dust grains have been studied
through observations of zodiacal light. 1In the atmosphere, where non-
sphvrical dust particles are commonly present, studies of the dependence of
radlative transfer models on the asymmetry factor and single scattering al-
bovdo (the average cosine of the scattering angle and the ratio of scattering
to extinction) have shown that, under certain circumstances, these two parame-
ters noed to be evaluated with a precision of few percent  (see, e.g., Baker
and Coletti ).

Light scattering processes are controlled by the ratio between the size
of the particles and the wavelength of the light source, by the complex re-
tractive 1 wx, and by the morphology >f the particles. The large varieties
O shapes and chomical compositions of particles in nature and the formal and
numerical ooomplexities of rigorous solations of the Maxwell equations, make
cxact calculations impossible in many cases.

Procis e and systematic experimental studies of electromagnetic scattering
Saee been made by Zerull and by Schuermann et al.* using microwave techniques
and suspend < obijects of various shapes and chemical compositions. Visible
Traht and D woratory-qenerated acrosols have been used by different authors
(el ot al,"; Holland and Gagne™; Napper and Ottewill’; Cross and Latimer®;
and Pinnick ot al. ') to study different shapes of particles in the size range
whore the Mie theory tor spherical particles is no longer a reasonable approx-
imation. These experiments showed basic differences between the light scattor-
ing projpertices of non-spherical varticles and analogous Mie spheres for sizes
ot the order of two or three times the wavelength. Basically the light intensi-
5 A tunction of the scattering anijle, does not vary as much as in the

-

1

stterieal case, and it is less sonsitive to the light polarization.
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Jabsequent Lo these observations, Pollack and Cuzzil!® formulated a semi-
cmpirical theory to describe the light scattering by pelydisperse size distri-

ns ool rarticles ot arbitrary shapes. Thaey assuned a linear combination

oML stheres and of particles that are diffracting, reflecting, and trans-

, obeyina the laws of classical optics. In attempting to pro-
iy vrecedure, Pollack and Cuzzi cbserved that, in the analyzod
SaSes, o TWO rarameters, asymmetry ractor and single scatterino alkbedo, were
stomiricantiy o arfocted by the rmorpholoaical properties of the particles. In-

iroctly, the same observation was made by Pinnick @t al.’, who comparcd the

DDkt ocoattoring of partially empty crystals with that of spherical shells.
oot Uirst vart of this article, the experimental set-up used by Coletti

and cramsttoeo study Iloht scattoering by non-spherical particles ot known

chemical comrosition is briedly describod. Thwe second vart discusses tho
ornoc used Tor the data analysis i oorder to cbtala prover nommalization of

“hoolca gri vo o estimate the asyrmety Yactor raraseters. n the third vart,

cos oo evmerimental data are rerortesd, ont with o discussion of a best-

Siveins rrocedure that, aalogous to ol lacs md Cucel, uses the dif-
.
Croacton an !l oroflaction eariations to clescribe porsiens of the measurd

Trase canctions. The ourpose of this section will e essentially to show the

Casle crecesses active in Ticht scattoring by non-soberical, absorbing and

mon=alorbing particles, in order to o justity che assumpt lons made In the follow-
ey socton.  In o the fourth part, the vhysicat obsorvations are oraanized into

ooty scheme which, oven thowghy extreme by siaplited, prodicts the optical

Trotentnen OfF rarticles of cortain shayye cateaories,




Do EXDERIMINTAL SET-UP

[N
PO PN

the objective of our set of measurcments was to study the light
Acattering properties of particles of Jdefinite shape and chemical composition,
wooused Ldoratory-generated monodisperse aerosol particles. As shown by
“onmics ot ol oand Lia't, a vibrating orifice aerosol generator produces

assoaliy ronodisperse aerosol particles. A solution of known concentration
salt 15 torced through a small orifice driven by a piezo-ceramic that

braftes at a svecified frequency.  The resulting jet breaks up into droplets

BRSO MER RN

i osve under the combined effocts of surface tension and mechanical

cevttoratin. A relatively strong stroam of dry, filtered air evaporates the
s and dilutes the acrosol in order to minimize coalescence and coagula-

Yoo they rarticles.,

ot lon, as observed with a scanning olectron microscope (SEM), has

vrocess 1s hasically proportional to the cross section of the

cho soattoring
droplets will increase the light scattering of the sample by |

.

TAartroien, the

o oooneratad, the acrosol passe s through the laser polar nephelometer

. L . Vo
casribed byeograms

ortioconal planes of polarization at scattering angles between 10 and

5%, The laser sour-e is polarized either in the horizontal
cular plane ot referonce ot the laboratory and operates at a wave-
conithoo ol o3l ome During each experiment, between 10 and 40 anqular scans

o that the experimental peints in the figqures of phase functions

These two combined effocts are such that the resultina

S0 ov varticles with volume double those in the main population. Because

N~

N

"*which moasures the light scattered by acrosol particles




The oxbperinentation included light scattering measuraments on particles genera-

sod fram three non-apsorbing salts (sodium chloride, ammonium sulfate, and potassium
cnlorate) and two high absorbing compounds, methylene blue (M3) and nigrosine dye
(N2) .

Seos

3. DATA ANALYSIS PROCEDURE

The rolar nochelometer measures the light diffused by the aerosol particles at
cach anale - for two orthogonal planes of polar:zation of the light. Desicnating
tho polarization vianes by the index 1 (= 1,2), the signal si () detected by the
instrument (corrected by the sin - effect of the field of view) is proporticnal to
sho numbor W of particles crossing the illuminated volume, their arca A, scattering

allicioncy and normalized phase function © (). That is:

si(‘) =D XA Qsca ':‘i(") , {H
.
where D Ls the sensitivity of the instruments.

The ouantitias A, Qsca and ?“i(*) devend on the size and shape of the particles
{whizh are asuated randomly oriented). Qsca an I‘i(-') depend also on the comples
vrorractive index m = (- 2.) which, in turn, is rela‘ed to the chemical composi-
“ion of the rarticles.

2 the quantity D is obtained from our instruiental calibration preo-

cocue, mhe measurament of the total mpber o particles N ois troublesome.




Corerore, only the praduct NA 0501 13 obtainable with an appropriate choicce

o the normalization factor tor Pi(u) d-fined such that:

! )' (P (¢) + P-(y)) sinvds = 2,

(2)
9
In our measuroments (taken overy 5° between 10 and 170°), we chose tc
compute the normalization factor n using the formula:
2's
I 5] = 1 3
l( ) ; . (3)
rhat is:
=1 . \.'>.Jw s. (» iné . + c. + ¢ (4)
2 (?1 LW s; (#.) sin : £ _b)

;oare the welgiits of the Simpson supmation rule, and g and £, are the contri-
sution to the normalization constant arising from the two regions 0-10 ° and
PO-1807, where neasurements are not available.

L]

[t bas been shown that a similar problem arises computing the value of the

Dactor G from the measurements.  The asymmetry factor 1s a parameter

in radiative transter models!”, and is defined as average value of

Beocosine ol seatterinag:

AR )+ T ()

sin-cosde. (5)
n -~ .

T
NPT

maloay to By (3), we can canry out: a numerical sumation of the experimental

Lita to obtain an ostimate of G Jrom an oquation of the form




/
; LW S5 () sine cos oL
R . : : i
. St €
G L (6)
‘v

weers o and o are aaain the contribut lons orisine: Trom thee reaions no

covered by the anoular scans.

nothe case of spherical particles, calceulations made asine tiee M
TLoory shaw that ror areas nable range of rerractive indices, the orror due b
cher anvular cruncation s oareater than the expoectoc oxperimsntal error for

values 1t the sive parameter ¥ (the ratio X - 201/ between 0 times She radll

i .k

of the rvarticle and the wavelonth) areater than 5. For o sice varoet r s«pual

tos 20, vhoocontribution o s goattoring botween TO and 1707 1s o she o
D0 S0 an accouratsr acoount e ToU o =cat toriny: betweorn Ooand T 1 new<doad.

The Torward scatterin: teoneds o Liangy abscrbine sarticles ol gemeral

Al are risorously descriped by the difivaction law (@ eua., Dom o and Weld o,

-5

e - - o - y PRERY: - - hES N cm oy -3 - . g -
Lo Tnoghe case of refrascuin spheres, Che peaks are the result of inte

Sorenee between diffraction and rerraction, as noted, tor sxample, by Hansen

At ravis . The diffraction tormula can s:111 be considered a qood ar proxi-

ot o (Hodrinson and Groensleavest®, Kerker °, Pollack and Cuzzit’) but the

.

pest itting slze parameter X, will be slichtly di‘ferent ‘rom the true Mic

SO0 DALAMCECL My In fact, the rfirst minimum in the diftraction tonuala

L y3

s with the first zeoro of the Bessel function of the first kind, given by:

veine Ixosin (2) Lon (/2 PRRK (
[ C

~1
—

and, in Tirst avproximation,  the first minimmm of the Mo theory (for real

vorra ot ive index = 1.5) is given by’ s

51 (70) = Toonn/ (8)




ot related any longer to a single value of size, but to all the possible

r-r n 4
t
| 8
Loenooasene by, owe haves
Nyje © 0-92 xcos (u/2) . (9)
l
I Por hiahly non-spherical randomly oriented particles, the diffraction is

Sross o ooctions obtalnable from different orientations of the particles. In
the TLawes rresented in this article, this effect has been disregarded because
wocensider only varticles that, in the measured forward portion of the phase
Coactnon, v rise to well-defined difirnction peaks.

woocemesieoed the Jquantities r and ¢ with the following numerical proce-
oo Perominction from the measurcments of the anale interval where the

Tirscomininmm o dn the diffraction peak occurs.
JoooDitmitnn of the ranae of possible size parameters ¥3 from the

tesliien o this minimum and the intormation on the size of the

Tareiclon as obtained from the SEM picture.

-

Camutatn oo with the Praunhofer diffraction formula'':

M2 (xgsin)
S B ____»__(_:d.__). (1 + cos~9) (10)
g U Ao X ,81ny ,
{ - d -
tie dest=rittine values ot o, ancé of the normalization factor c..
N othsoc-mation, J)(x 1;;’mw) ropresents the Bessel function of the
4
| B .
Voooinaaduat oo the tho intearals:




e = fd( ‘,xd) sin cos d- (1n

= fd(‘,.\:(!) sin. d . (1)

Al P, 180,

liroction, the conrributions of 1oand ;) are tuch less

vhase ‘unctions of non-spberical rarcicles alvays oresent

[ S N

2 ozessed and reaular slomee. Tore, a2 simpele linear intervolation for-

molaosor wive Inteogrand 1 (DD oand (12) 1 the rearon 170-130° apoearad to boe

Drgure Doshows the comariaon

vrweenr tle results of the Mie theory for
carsicios oF nlaresine Cdve o crde marareter e (comnlon refractive inax
Mo LLeT = 1)) and the experinental values or the measuraments, normalized

iy,

noshheoway Tust o described. woe or the carticles Jonerated is shosn In

sho rncore o the flagwre. Their minimagn and naximen size parameters arc 9.0
anioToL Y The extrapolated value of the asyrmetry factor in this case s

So0.nEdd while the Mie theory gives Uyio C.875. Wwithout the correcting
. [0

LoNTIE Ly, ;i -oand , we would obtain an aprroximate value o J.slh,

|8 i b

>

Nocawse or the high licht absorption of the niarosine Jdye (estimated mooeonnary

e the complex retractive index v = Jue) the value o!f the Mic sioe oara-

metor and o Che Jd1fraction sice marameter are practicat v the same.

3.0 DLUTTSION OF SOME

L IYPICAL PTASE FUCTIONS

el segmles o osrerimental cesulte obtaraed tor Ticht o absorban

e e porb i wrerols, are shown i it O oand e, 3t ity noe d
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reprosents the measured phase tunction for non-absorbing particles of NaCl
O minimum and maximan dimensions, estimated from the SEM picture, equal to
2.7 - 3.0 ume Pigure 3 is the phase function for absorbing particles of
metwlene blue of minimum and maximum axis 1.6 ~ 2.2 ym. Comparing these two
tigqures, woe notice how, in the forward portion of scattering, both kinds of
rarticles jresent peaks that could be described as due, basically, to diffrac-
ton (repreosented by the dotted line in the figures), while in the other direc-
t1ons, thoy rollow different patterns. For non-absorbing materials, the frac-
tion of light reflected by a surface is at the most of the order of 10% of the
resractad traction; the retfracted light, crossing absorbing materials, decays
Trovortionally to exp (-2x . ) s0 that it is practically completely absorbed at
cerical thiciness two or three, as for particles of Fig. 3. While the par-
ticlys of M8 aprear to be slightle rough, amorphous crystals, the particles of
soanm ochloride are a shell-like combination of crystals so that diffuse reflec-
t1on can Occur on tnelr surtace.

Prooare da oshows the anqular Jdependence of the Fresnel fraction of reflected
crerry Lor spheres with rotfractive indes of sodium chloride (m= 1.54 - 0 i) and

.

Tie A tor spheros with refractive index m

1!

1.55 - 0.5i. These fractions
erend on tiv complex refractive index and on the shape of the particles; they
Jo nor Jdorent en the s1ze, but are intfluenced by the roughness of the surface
{fcomparcod with the wavelenath) . The fraction of reflected light with transverse
clectric vector has a minimum  (a the Browster angle of the material) while
that with perpendicular electric octor increases for decreasing angles of
et teranag,

The similarity between the retlect:vity curve in Fig. db and the phase

Orwctien o the particles ot MB oonfirms the idea that tre reflected comonent




o racor -

srodoonit csoas larae seatterinag angles while it s weak in the case of sodium

Slorndo crvetads. Ttods also interesting to note that the refracted unpolar-

B

oear Domt ot sadium chloride has an angular dependence similar to the perpen-

rotloctod component, =0 that reflection and refraction are practically
indistinmuishable 10 the liaght is unpolarized as in the case discussed ty Pol-
ack and Cuzeit o,

Thoe light refracted by o randomly oriented nor-spherical particle cannot

e descrinad byoan oxact tormila, thererore, we arkitrarily chose to fit this

componaent witno Henyoy-dreenscoln phase furction T

3/2

ci) o= (1= g/ + gt = 2a cos) (13)

At centrols the shere and 1e also the asyrmetry fac-

[ mesion, This oo ! advant ve that i has Wistorically
sroven bedyrul anodescriboes b ooont Rands of soottorang rrocessest

Lo Honyov-cre-nstot }.‘I"i.'lz"-‘ Yrnetaor ocans o0 she vorracted licht as comimi-
Soel e orny oaencs tor avdweres, dalowoounpeel aaoesr, o iU is amropriate Do

Shor process o multicio internal rerlectione Croe randomly oriented suriaces.
Teoriirtrom, this rvhase unction with suisallle oholce of o, con alse rosamble
s colariosd Fresnel ritloction formaia, s it 1s reduired by the obsoervation
ot o o retvacted and retlecteel Tt in dhe case of sodian chiord o,

o3 g h o sivwe i eesults ot o best=rittiny routine, where we combined
cuers o Y ract ion, polarized rerlection @l an envey=Groenstein phase fune-
Faonoto v rosent the cxpenimental cases shewnoin Prase 3and 400 T has to e
Ceotoeeor ot vhat o thya titting procodure rsonet linoar because the Traction of

ceeo et oy peprosonted by the difrraction formaly has boen subtracted rrom

Co o iracted compotent s cor the casons alroady mentiencdsin Fra. o, that s

H T -y . AR N
Cor e Nac], the ditTracted component, o, oontribntes 230 o0 the
A
; e ey T e et BESEPUR TN
cor ol Lt ottt o trieren Do

—— e




e

= oenstein phase unet lon < i5 513 and it 1s related to refraction and

Tuse et lection (wut not refraction ingerforing with diffraction) while

thvee reUlocten coerdiciont Cpr accounting for reflection by smooth surfaces,
Laoonly e

e dlsaarcement in Flg. 5 between the measured backscattering and that
camatexd tor the best-fitting curve, indicates that some other process is ac-
tive inotnrs reslon of scatterine. In the case of the spheres, the high back-
scatterin: oo basically due to combinations of external and multiple internal
vt lections. Inothe case of non-spherical particles, this process could pro-
bal ca tr ated with models of light reflected by rough surfaces, as proposed
Do Ml v Masalt

T Piioo, that is for methylene blue, the major contributions are from
pure dirrraction (e = 757 and rolarized reflection (c_ = 25%).

Siie 1o lists the coefficionts obtained fitting the set of measured phase

functl ns or wresols of sodium chloride of different sizes. Presented for each

Darticl slude is the sizoe observed by SEM, the best-fitting Mie theory size pa-

tor (U7 e htermination was possible), the size parameter obtained from

it -cittin: curve, and the values of the asymmetry factors: that for the

cov=Croenstoin phase function 1; that computed from the oxperimental data in

vorcal 10-170°. 3'; and that obtained with the extrapolation. C. A few

conments om tnls table are necessary:

1)

.:/)

tho obsereesd sice of the particles XgpM? actually defines an interval be-

Canse In the pictures the particles appear irreaular;

“nemeasured teaks of the phase tunctions determined the size of the parti-
Mot 1 recisely than the olctures, but still not cnough to allow us to

aolve ne antioncd systematle diftferences between %lic and Xy wilthout

s

cotud omswerical cvaluations
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<) the value of o turned out not to be critical for the best-f£it and always
ranaod round the value of 0.4, The same is true in the case of the other
non-=11 it absorbing salts, thowdy for sliahtly diffcrent mean values of .
Jonpraring the values of the coefficients Cyr O and c, in Table 1, 1t can
Looobservad that the refloected component, C s contributes less than the >thers
o che measarad chase fuanctions, Therefore, in ordor to obtain information in
: tho Tirst o aroroximation, on the relative varlations of diffracted and transmit-

oo ooomronents as function ot size, we can keon this coefficient constars and

D Lord sO that:

- 1 -cC (< 1)

)

Pro.oJa oshows the bost o ditting valuos asoumed under Uhis condition by b coot’-
Jioronts o (ordinate s on left) oand o {endinate txis on right).
[ - -

o oshe case of spherical non Tivht absorning carticles, the major oscilla-

siens in vhe curve of the extinction cocfficl nt, as 1 Toction »fF the size

Lol

caramerer, can be esrlainge as due to constructive and Jestiuctive interrerence

oy

oroduTractod and franamitred licht L The s e offects oxplain also th main ‘

EETRE
LA L.

qnions rresent In the curve of the asymmetry Yactors . Figure 7h shows !

.

Beoowmerinent 1] values of the asyrmetry tactor o, s function of the size

paranter w o, Jalong with the cuwrve of the asymmetry factor, computed with the
' ]

ta

Mio o thvory Cor spherical particles of same size (assuming “Nie © Xl) and complx
) B (S, {

[

rotractive index m = 1,03, Comparing Fig. 70 and Fioao 7, 1t can b seen that

corrolation oMists between the values of O and those of the coofficlonts of




Gdrirracred lioht ¢y Moreover, the values of G follow hasically the same law

of the Mo scattering asymmetry factor besides a constant shift on the x axis.
The pilctures taken at the SIM of the particles of sodium chloride (see
inscert Fig, 2) show that this salt crystallized in quasi-spherical structures
intermally enpty.  For spherical particles, the maxima and the minima in asym-
metry factor curves are always in the same position for different materials
LU oplotted torsus the parameter x(m - 1).  In fact this parameter, called phase
shift, takeo into account the real optical path of the refracted rays inside
tihc articles. Mereover, different authors, discussing optical properties of
non-srherical particles, have demonstrated that the size of irreqular rarticles
can beoconventently expressed by the radius of the sphere of equal volure (see,
2uoi., roferences 10, 23, 24, 25).  Therefore, it is justified to shift the
oserimental values of the asymmetry factor along the x axis (dotted lire in Fig.
L) in order to Lake 1nte acoount the real averace ameunt of bulk material trans-
ersoad by ther Ll ht rays.,
To obtaln the bost estimate for this shift we computed the root mean

cpare values of the distances between the set of oxperimental values of «

and the theoretical curve q,,. @
Mio
q - 2o
1o 'S5 T 90! )
rames. = ocm o R RO (s
SRS J
Mie

wrere {ots o the rotal number of irdependent determinations of G. These r.m.s
ioviationgs e vlotted in Fig. 8a for sodium chloride particles as functions

o lestlyino tactor

L (16
.\(i \A'l,lL‘ )




In the calculations the Mie theory asyvmmetry factors have been obtained

as

AVerATeS ona narrow size distribution of particles (a log-normal with rela-

tive variance ot

5%, In order to avold oscillations of the r.m.s. deviutions

with the "rieple” of the Mie theory. The fiaure shows that good agreement

petween theory and experimental values is found shiftinag the Mie curve by the

ractor 1.4,

Analecous considerations can be made on the set of esperimental data ob-

camnaed ror amonium sulfate ! ootassium chilorate aercsols.  Fia. 8L shows

-

hoonlot o the romes. doviations botween tle asyrmetry factors for particles

af zmenitm sulfate (oomplex refractive index 1.5%; 3 = 9) and Pig. 8¢ for

varcicles of wotassium chlneate (Canl w0 rerract ive index 11,4225 5 = 3),

Prisy Oboand 8 oshow o colhar manimuom o cor values of b omeoonlving factor

-
e
.
—
&
t
o)

O Ios 10 tho anserts an Uiase Thoarct o ob v e b e oy visihlo g
Croanzernal holes. TU we thiins o tor o Intertooronces botween dit
d trmsrutted light, o we can considor Ui, @hoard Pl 8 as evidoenc

meoernal ooneety spaces actually oxistod oven thouai: not ot ornally viszl

i

Pl ua o shows the comarison Poeteeon She exreriment 2l values

MOy rctor in o the case or nroerosine dyeoand the Mice theory curve for compiox

rotractive index m o= 1.6 - i00s (9= 6). “his value of the complex roefrac-
tivc andex Ras been choson o as the one thet was roviding the bost approxima-

tronowith o Mie theory for the set o moasurcd phase fanctions. The asymmetry

CACt L oo turns out to Bave no oscrllations becaunse of the strong liaght

ceLorttun ocaring wnsiees the rorticloes, donsequent iy, i this case ot

S s e, the romes, dheviatlons botween the asymmet:yy factors dopends

s o Sl iy tacter, o, as shoan in Uia. 9b,
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The experimental results obtained on acrosols of methylene blue (complex
relractnye index m = 1,55 - 0.6 and g = 8) had properties completely analo-

Gout to those discussod in the case of nigrosine dye.

3.0 A DIVSICAL APPROXIMATION

urexieerimental results have demonstrated that the laws of geometric op-
oo ocan beowsed to fit phase functions of non spherical particles but that the
Mieotnheorn s needcsd to compute the asymmetry factors or scattering coefficients.
That o, oo size particle range, interferences occuring between the differ-
Sntocembonents of the liaht, dittracted, refracted and reflected, do not sup-
Jort the assumption of non-coherency between the three components. We observed
alzo that the principal interferences occuring in the experiments is that be-

tveen dlffractod snd transmitted licht in the forward direction.

1Y wo exptess the intensity of liaght at a given point P illuminated by

WD cobernt onocnromatic waves as: 1
.
. e
T(P) =1 + I" + Zcos () +vI1'1L" (17}
whore ' and 1" are the intensities and o the difference between the phases ot 1

tier w0 wave s, we have that, at a given angle @, the scattoered intensity is

Droportional to:
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L) = 1 NAQ oy )+ (L= ) e £ 0g) +or ) ]

f1e)

]

v 2cos( () v (1) vt N ETL fd(""x h,o1=1,2

whoere woexpresses the ratio between the light diffracted and that transmittod

crooerlocted, and U 1s the fraction of light tronsmitted through the particle.
e, ) 1s che anoular difdereonce botween the phase of the diffracted and
s oreovrracrtod Itant; in ogeneral, oo1s a function of the scatterina anale and

©othe carical nath traveled by the rays inside the particle. We assume here

soat oono difrracted and the rotlected liaht, indicated with ri( S,Mm) arc 1inco-

Inorhe oprevious section, 1tonas ecn shown that the phase between the dif-
sractoec and refracted light in the main torwant weak can be aoproximated by

1 - . e Sy - * ) - ~ R R 1 . ey ] ges
those o the axial ray throtan o cegusytlhont volwe

wre, so that al zero

coattering o aariloowe bhave:

B PNV (TS D (19)

feoorm2al part of the corg lox retractive andex, ¢ 1s the value of
TR ovhase snitt o for whach the oxtinction cltlcuieney of the ogquivalent volune
roee o 3rnoero has the Yirst masimum and co1s the multinlying factor as defined
1 the rrevious paradrach.

In the ottor dirvections, in analoosy with che =srherical case, the vhase
sl locrease cuite rapadly with scattering anales Dmirically, this can be

cutoarre e empenn ey c0s. withaGahusstan anction, decreasing at the same
: : N

o s e racton tormuatas Thererore:




1

Sontioedd o in

cos ;e cos @ (20)

thothe approximation on the first zero of the Bessel ecquation of the first kind

N oU7)

~ arcsin (x,1/3.85) (21)

W also awproximate toas egual to:

whore ¢

18

C = (Imr) exp (=2 x40, /1) (22)
, i
r = (ry + r:)/2

the wotal refloctivity of a spherical particle and the exponential

Canes o accourt the intermal absorption.

The asyrmmetrs factor g ot the fH‘ (+,q) is Jdetermined experimentally with

t UTOC L

artrole

shee,

of the provious section and 1s a guantity characteristic of the

Now we can detfine the Yollowing quantities {(mitting the

b Tunctions)

dq T £, sirrcos:d:/ -

P

1
= (‘ 20 vy il
Iy v ) f”G) sin-cosd

- £, sine A = constant
C N

A




[ — -'——!‘

e (ty; © — 7 )sinnd: = constant
[ i a

(3)
! !
- e ) PO
- R . Sih A
&.,‘. [N ol s
Sootiat o asyTretry Lactor, O, of our artitvicial phase function, measuared or
wtommrnad Byothe Mie theory, will baes
. B - . Y oA v .
R (im0 v o= 2ros =)
;= _ ~4 - i, -
= - s -t 124)
, ~ (=) e 2eos v (1-1) L.
& . | e
CoLs, e Ls amLguoely b ey solat oot ar v
. vy .
N AT AP (.00
woertr or, ot ooare:
31 e S+t = )
N o
o N (: - )

[ zmmary, 16 all the approximat Tons el are reasonabie this bas
st2ll o e rroven, we have constructed oo R S L E I S S
Lt ot measured phase function for g conventoant o choace o Troes raranete:
p,oad o cnven walues ot the sioo rataaneter e thoe it v sactors s and
chev o o rerractive index e Inaddition, 1t s ocossibhle to predinet o base

aticlos with sumilar shaye (Game calus o0 )




cos = e cos &
(e}

Wit tho approximatlon on the first zero of the Bessel equation of the first kind

sentioned In By 7))
=~ arcsin (x,/3.895)
i
We also approxkimate t as equal to:

t - (1-r) exp /(—2 xdni/i)
r = (rl + r:)/?_

18

(20)

(21)

122)

whore rois the total reflectivity of a spherical particle and the exponential

vakes into account the intermal absorption.

The asyrmetry factor g of the flk‘
b
‘he procodur of the previous section and is a quantity characteristic of

carticle sheoe.  Now we can define the following quantities (emitting the

woanents o the functions):

= S e siedov /o
94 f.d sin-cos de/ g
¢ + 7 + -
( i (t ‘Ha ry) (t fl(] r. )Sin."cosﬁdu
h_,l I P ;5 ~de
4 lz
= : in cosid:
9, t o £y ‘sinvcosid
q £, sine dv = constant

{-,q9) is dctermined experimentally with

the




r- + r,

Lo (t;; * ~—3—)sin-d: = constant
r "” 3 —
Y (22)
i
S L) Tsine
Ot i d H(r) St !

Thotman b aanTme o tactor, O, of our artificial phase function, measured or

-

-

i
P

Lo MLe '»E'.L’x‘l";. , Will e

N S D R o g R e O R P
: L U e d,= v 4
- ___ 123)
oy =)y, s 2cos v (l-0) oy
.t EPIN L [P I

ceomnauely derormanad as o the solut.on of a rational cguation of

Whoert oy, boand o oare:

= — . T, [
a S [Yti (.t - 20 . 1)
.
Lomo2e0s L (), - ) (2
et Lt
< i - 2G(r ¢+ )

i

Inosurmary, 1f all the approximations made are reasonable, and this has

i

st1ll to Le proven, we have constructod o phase functlon that 1s able to simu-

.

Late tho measured phase function for a conveniont cholce of the froe rarametor
Coroowven values of the sice paraneter x,, the multiplying tactors - and
i

the ooy Lox rorractive index . Inoaddition, it is nossible to proedact thase

Sty ors oor rarticles with similar shape (Game valus of ) tor all the ther

R
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Cantes oo b d

feventually m) where the Mie theory is not a better approxi-

nation.

Proures 10 and 11 show examples of the comparison between the experimental
fata and the sunulated phase function as obtained from Egs. 24 and 18. Fig. 10

is for sodiun chloride; & 1s equal to 1.6 and g = 0.4. Fig. 11 is for methylene

Llue; © is cqaal to 1.0 and G to 0.8. These fits are similar to those already

Jdlzcussed in the provious section with the same disagreement at backward scat-

terina angles.  In fact, this second formulation did not change anything in

rhat portion ot the phase function. Table II lists the values assumed by v°

v~

Sor the sodian chloride acrosols of Tia. 10; here /% is defined as:

B P (f"’) N

=0 L - == (27)
1 ' p. ()

1 .

hoere 00} are the values of the semi-empirical phase functions.

Weocan conclwle that the assumptions made in determining Eg. 18 apcroxi-

tho scartorine processes in the cases analyzed, and that with the use of

Fros Uh, we o oan

similarly reconstruct other phase functions.

Ao dinal conment, we obsorce that 1f the equations would be precise,
coquant 1ty oshould be constant and wientically egqual to 0.5, Therefore,
o fluctaations of , around the value <0 0.5 in Table 11 are a guantitative

catimate ol che goodness of the approxirations.




5. GNCLUSIONS )

Scnuerman ot al., throuah the study of different classes of well-defined

weometries, presented precisely measured phase tunctions in cach case. Coletti

Jey 4

and Srams (1982) observed that the phase functions of particles of sodium chlor-

EEE T BN N
Lol ST iar ool

t not i1dentical to each other, woere indistinguishable

from the
vhase tunctlons of particles of ammonium sulfate crystallizinag with completely
dilferent shape, analogous sizZe and similar refractive index. ‘That is, tlwe

sil.uht coometrical differences occuring between particles of the same salt,

ars enduahl to wash out, In the scattering phase functicn, the characteristics

ated £ g srecific shave . This observation cave a more acneral meanine, from

polication volnt of view, to thoese measur ments, oven though th

n Wy Were
afrected by larger experimental uncertaintios.

The flttinge vrocedure described in this aticle 1s a mathematical rey vo-

sontation of the intuttively simple ;hysical concorts of ditivaction, rer

SToLchlon,
and rerraction. When combined, these concepts describe the light scattering oi-

served cwmerimentally with only small uncertainties.  The experimental resilts

.

g5, 7ot 2 oshowing analogles between the measuwred value of asymmetrt. fac-—
“ors and those computed with the Mie theory have demonstrated that apelyin: the laws
MWogjecnmotric optics to monodisperse acrosols, we have to disregard the law that
the crers soction of a particle has to be owual to twice its cross section.  We
could not invoke (as did Hodkinson and Greensloaves' and follack and Caszi® ) .y
wash out cffoct due to size distribution (Kerker®'), but at the same time, we

were allowed to use the Mic theory tfor stherical particles as a suitable criterion

*o oevaluate the interdorences botween the lichs diffracted and transmittod by the




|
:
|
[
i

particloes.

The advantage of our empirical approach lies in the fact that with Hg.
13 and tia. 3, we had been able to predict the set of measured phase functions.
“ho only free empirical parameter introduced in Eq. 15 is the asymmetry factor
ror the transmitted component g, which depends weakly on the shape of the par-
ticles so thiat it can be assumed the same for different kinds of geometries.
The vtaraneters ©, tand r are determined by the complex refractive index of

tho material and its distribution inside the particle; G (or y) can be deter-

mined experizentally as in our cases, or calculated using Mie theory.
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Table .
Sodium Chloride

: S P P A

. Run N} Xs e i X } Xuie A Y oo, ;
. i | |
I ( ]1 | 1 » ﬂj | | |
52 ) 6.68 7.3} 5 | 5 ! 690 1714 | .35 | 565 1 423 2
16 5.2.10.4 1 7.8 | 7.8 | .542 | .608 | .40 | .332 ., .554 . .14
15 7.8 11.4 i 1.4 ; --- | .356 ; 405 } 40 | 319 ; .400  .281 f

1006 1301, 12,6, --= | .36 | .526 |42 | .360 | .450 1 .189
81 . 13.6 15.0 ' 13.1 f --- g 447 1 594 .42 - .2n7 ; 537 ' 187

1 7200 23.3 286 22.6 | --- | .384 | .723 | .40 .422 | .466 . .112

> 2.9 260 1 22.8 0 oo | .316 ) 669 1 40 593 | 321 036

G0 s 205 127 4 e 379 702 . .42 0 352, 393 ¢ 155

I

Table T1.

values of . and .- as defined in £q. 1E ana 24

for Sodium Chloride

e | ‘
KO ‘ S :
e T e e t— i
5.0 f 0.525 : 38.0 : j
7.8 0317 4 39.3 | |
‘ .4 0.3 By
; 12.6 . 0. . d2.0 |
' 130 1 0.1 43.0 | ;
| 226 . 0.5 . 50.9 | ;
22.8 0.812 ' 5.1 :
27.6 0.527 420 f
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FIGURE CAPTIONS

comparison between experimental phase function and the Mie theory
tor nidrosine dye crystal of about 2 um size, on two orthogonal
pvlanes of polarization of the light. The value of &'in the insert
is the non extrapolated value of the asymmetry factor. In this
case, the best-fitting value of Mio is 9.4 and the complex refrac-
cive index, m, has beoen chosen equal to 1.67 - 10.6; the extrapo-

] -

is

]

tod asymmetry factor (r1is 0.884,

seasured vhase function for sodium chloride crystals with size about
2.3 wm (shown in the insert). The dashed line is the Fraunhofer

Jdrffraction curve Yor Xy = 13.1.

Measured phase Tunction tor methylene blue crvstals with size about
2 .m, (shown in thc itasert). The dashed line s the Fraunmhefer

dirfraction curve for x, = ll.

Frosnel reflection s functior of +ne scattorona wgle ; (), Tor
vatractive index m o= 1.54 - 10; (b)Y, for refractive index m =

1.55 - 10.5.

Comnarison between the measured phase function for sodium chlovide

crystals with size about 2.3 .m and the best-fit for x, = 13.1.
s

Comparison between the measured phase function for methylene blue

crystals of about 2 um size and the best-fit for Ngq = 11.




F1GJRE CAPTIONS

(continued)

P 7. () Contributions due to diffraction in the case of NaCl aerosol as
function of the size parameter and in the approximation of neg-
ligible contributions of reflected light.

(>) Experimental values of asymmetry factor for NaCl as function of
the size parameter x 3 (squares) and Mie thcory asymmetry factor
curve for Xie = Xa {continuous line); the dashed line is the

Mie theory asymmetry factor curve but for X3 = Xie 1.6.

1. 8. Root mean square deviations between experimental and Mie theory
asymmetry factors as functions of the multiplying factor z:
(7} for Nacl
1) for ammenium sulfate

(¢} for potassium chlorate

“ig. 9. (a) Comparison for nigrosine dye between measured asymmetry factor
(squarcs) and Mie theory curve.
(b) Root mean square deviations between Mie theory and experimental
value of the asymmetry factor as function of the multiplying

¢ ~ .- — r »
tactor o= ‘\d/‘\l‘fe’

Fro. 10, Comparison boets Cen the phase functions as predicted by the semiempiri-
cal theory (for g = 0.0 and . = 1.6) and the results of the experi-

monts for sodium chloride:

() tor x, = 5.
d
(Hh) ‘or Xy = 7.8.
() for «; = 11,4
(91
(i) Yor x, = 22.8.

i'ia. 11, Comarison between phase function predicted by the semiompirical
theory (for = 0.6 and - = 1) and the results of the experiments

tor metivvlone blue with size parameter Ny = 11.
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